Introduction
Ria de Aveiro is a shallow estuarine system located in NW Portugal covering an area of $66 to 83 km 2 depending on the tide level.
1 This system has a high economical potential, supporting fishing and aquaculture activities and providing conditions for the established industry, shipyard, ports and marina facilities. In addition, Ria de Aveiro is classified as a special protected area by the European Union (EU) nature and biodiversity policy 'Natura 2000 Network'.
2 Hence, this is an ecosystem of considerable importance, requiring active management of its environmental quality.
Tributyltin (TBT) pollution has been monitored in Ria de Aveiro in a regular basis since 1998 in order to evaluate its ecological impact and temporal evolution in response to successive legislative actions to banish the use of this organotin (OT) compound from antifouling formulations. [3] [4] [5] [6] The first EU action was to forbid the application of organotin based antifouling paints (hereafter designated as ''OT paints'') on boats <25m in length through the Directive 89/677/EEC. 7 However, this measure was ineffective in many areas where the naval traffic included larger vessels, as it was the case of Ria de Aveiro in which TBT levels remained almost unaltered for several years after the Directive's transposition in 1993. 3, 8, 9 In 2001, the International Maritime Organization (IMO) adopted the 'International Convention on the Control of Harmful Antifouling Systems on Ships' (AFS Convention), 10 which called for a worldwide prohibition on the OT paints application in all kind of vessels by the CESAM & Department of Biology, University of Aveiro, 3810-193 Aveiro, Portugal. E-mail: susana.oliveira@ua.pt; Fax: +351 234426408; Tel: +351 234370350 ext. 22752 (LEME)
Environmental impact
Tributyltin (TBT), a biocide largely applied in antifouling paints since the late 60s, is one of the most toxic substances ever deliberately introduced to the marine environment by mankind. One of the best documented adverse impacts of TBT in non-target organisms is imposex-the superimposition of male sexual characters in females. Legal restrictions on the use of tributyltin have been applied over the last decades till a definitive global ban in 2008. The current work points out that while some gastropods species show a decrease of imposex following the amelioration of TBT levels in the water column as a consequence of the ban, others that live and feed on sediment (e.g. Hydrobia ulvae) may not recover for many years due to long term persistence of TBT in sediment. 12 Therefore, it is essential to verify if this legislation is being effective to reduce TBT pollution. A well-known consequence of this pollution is imposex-the superimposition of male sexual characters onto prosobranch females 13 -which has been used as a biomarker of TBT environmental concentrations.
14-17 Three key indicator species have been used to monitor TBT pollution in Ria de Aveiro, namely: Nucella lapillus (L.), Nassarius reticulatus (L.) and Hydrobia ulvae (Pennant). In 1998, Barroso et al. 3 recorded high levels of imposex in these species and the N. lapillus decreasing abundance from the system mouth inwards was attributed to the females' sterility caused by TBT. 19 so that the evolution of imposex levels can be used to describe the progress of TBT environmental levels. The current work establishes the most reliable methods for imposex monitoring programmes using H. ulvae, particularly those not focused previously in the literature, such as the influence of animal's size on imposex assessment. Subsequently, it addresses three key objectives: (i) the evolution of imposex in this species from 1998 to 2007 in Ria de Aveiro in order to track pollution trends; (ii) the evaluation of the legislation effectiveness to reduce TBT environmental levels; and (iii) the comparison of this temporal trend with other indicator species for the same study area.
Material and methods
The effect of animals' size on imposex parameters was studied in H. ulvae specimens of different shell heights (SH) collected at St. 1 and St. 3 ( . 19 In the laboratory, the SH (distance between shell apex and the base of the aperture) was measured using a stereo microscope with a graduated eyepiece to the nearest 0.14 mm. Shells were removed and animals were sexed. The presence of parasites was carefully checked under the stereo microscope. Although parasitized specimens were not used for the imposex monitoring surveys, as recommended by Schulte-Oehlmann et al., 19, 20 they were analysed separately to look for any apparent relationship between parasitism and female masculinisation. Specimens were narcotized during 60 min using MgCl 2 3.5% in distilled water (according to the average local salinity of around 15&) and the penis length (PL) was measured in all animals using a stereo microscope with a graduated eyepiece to the nearest 0.06 mm, whilst the vas deferens sequence (VDS) stage was assessed in females according to the scheme proposed by Schulte-Oehlmann et al. 19 For females the FPL, VDSI and %I were calculated per SH class (1.50-2.75; 2.76-4.00; 4.01-5.25; 5.26-6.50 mm) and analysed graphically. For males a multiple linear regression (using Statistica v6.0 software) was conducted to determine if animals' SH have a significant effect on male penis length (MPL) and if this relationship varies with sampling sites or dates.
The effect of narcotization on H. ulvae penis length was studied in a sample of specimens representing a wide range of SH collected in 2003 at St. 3 ( Fig. 1) . After shell removal, animals were sexed and PL was measured. Specimens were narcotized during 60 min using the MgCl 2 3.5% solution and PL was measured again. The difference between penis length measurements before (PL b ) and after (PL) narcotization was assessed by regression analysis (after checking homoscedasticity, linearity, and normally distributed error terms assumptions) and by the Wilcoxon signed-rank test.
For the purpose of assessing the evolution of H. ulvae imposex levels in Ria de Aveiro, specimens with an average SH around 4.0-6.0 mm were collected at St. 1-10 ( . About 60-80 individuals were collected at each site, which is well above the minimum of 30 recommended by SchulteOehlmann et al. 20 for study areas with a high imposex incidence. The imposex parameters FPL, RPLI, VDSI and %I were determined for each sample, as described above. Statistical comparisons of SH, PL and VDS stage between the different surveys were performed for each site using the Kruskal-Wallis test followed by Dunn's post-hoc tests, taking the specimens randomly sampled along time as observations. These comparisons included also data obtained previously in 1998 by Barroso et al. 3 for the same locations, using exactly the same methods as in the current study. An additional analysis was conducted for the whole study area with the Friedman test to verify if the combined females SH, FPL, VDSI or %I of the 8 common sites (where animals were found in all sampling occasions) changed significantly over the period from 1998 (data from Barroso et al. 
Results
Imposex parameters are determined for a sample of adult animals from a given site but frequently the animals' size varies between different locations or sampling dates and therefore it is important to assess how this factor may influence imposex measurements. The observation of Fig. 2 and the multiple regression analysis reveal that male penis length depends on shell height (t ¼ 25.84, p < 0.001) and this relationship varies with sampling site (t ¼ À5.76, p < 0.001) and sampling occasion (t ¼ 4.45, p < 0.001). Regarding females it is also clear that FPL, VDS and %I are strongly influenced by animal's size (Fig. 3) . A steep increase in all parameters was registered in mud snails from St. 1 that presented SH between 1.5-4.0 mm, followed by a slowdown tendency as animals increase further in size, which is expected since imposex tends to develop more rapidly as females reach sexual maturity. At St. 3 the same general trend was observed though with some oscillations. Hence, the size of H. ulvae selected for monitoring programmes has a major influence on the results, i.e. smaller females will cause an underestimation of FPL, VDSI and %I, whilst variation in males size cause oscillations in RPLI, regardless of TBT pollution levels.
Narcotization of mud snails facilitates animal handling and reduces penis measurement variance, since this organ ceases to contract or relax when the animal is anesthetized. However, this procedure caused an increase of the penis length in females [ obtain animals with uniform sizes between the different surveys neither we could observe animals as large as those found in 1998 by Barroso et al.
3 (Table 1 (Table 1) . RPLI is a imposex parameter that roughly balance the sizes of males and females at each site 21, 22 but, as stated above, we found that the relationship between penis and male sizes varies throughout time at the same location, which may introduce an additional bias that is hard to control. Hence, this parameter was excluded from temporal comparisons performed in the current study. The temporal imposex evolution analysis performed for each site from 2003 to 2007 revealed that there were no significant differences in FPL and VDS for most of the sampling sites, except the cases which are described below. A significant decrease in FPL was observed at St. 2 (Fig. 4) .
Parasitized mud snails were all infected by trematodes and occurred at 10%, 56% and 100.0% of the sampling sites in 2003, 2004 and 2007, respectively ( Table 2 ). The percentage of It is curious to note that all the parasitized females exhibited imposex and that parasitism increased over recent years as it happened with %I. As pointed out by Schulte-Oehlmann et al., 19 the investigations of Krill (1935) and Rothschild (1938) testify the occurrence of small non-functioning penes in H. ulvae females before TBT pollution existed, a phenomenon closely related to the infestation with trematode parasites. Nevertheless, our results disclose no significant correlation between imposex levels and the prevalence of parasitism across sites in any survey. Anyway, as already stated, we carefully examined the specimens in order to prevent that mud snails with parasites could have passed unnoticed and we excluded these animals from the imposex analysis to prevent any bias caused by this factor.
Discussion
The current study shows that imposex levels in H. 18 It is thus clear that different bioindicators may display different imposex temporal evolution trends. Hence, a careful discussion about the possible reasons behind these opposing trends is presented below.
Firstly, it is important to check the correctness of the imposex temporal evolution analysis conducted in the current work with mud snails. One obvious pre-requisite is that sampling campaigns from 1998 to 2007 employed identical methods. This was verified with only two exceptions. One regards the decrease in the size of specimens used in the successive surveys (Fig. 4) ; however, as this induces an artificial lessening of the imposex levels throughout time, imposex rising in the study area could not be caused by this factor. The other exception regards the different times of the year when surveys were conducted, but this probably did not have any effect since Silva 23 observed no significant monthly variation of adult mud snails imposex levels at St. 3 between December 1999 and December 2000. One important aspect to be taken into account in imposex monitoring programmes using H. ulvae is the well known juvenile (SH < 2 mm) dispersal by floating, 24 which occurs in Ria de Aveiro.
25
This may cause some mixing of mud snails from different TBT Table 1 Hydrobia ulvae. Male and female mean shell heights (_SH and \SH) and the number of specimens analysed for imposex (n) are presented per sampling site (St. code) and year with indication of mean male and female penis length (MPL and FPL), relative penis length index (RPLI), vas deferens sequence index (VDSI) and percentage of imposex affected females (%I). _SH, \SH, MPL, FPL and VDSI from 2003 to 2007 were statistically compared (indicated by brackets) and when post-hoc tests for multi-comparisons (Dunn's method) were significant, the level is indicated by asterisks-*: p < 0.05; ***: p < 0.001. Data for 1998 were published by Barroso et al.
polluted places. However, this dispersion behaviour at Ria de Aveiro seems to be confined to a very short period in the youngest stage, 25 probably with negligible effect on imposex expression in older life. Besides, we minimize the possible bias caused by juveniles' mobility by using adults in the monitoring programmes and, most importantly, by assessing the evolution of imposex in the whole study area instead of focusing the analysis solely on isolated locations; either the ''whole study area'' or ''individual site'' analysis provided the same conclusion stated above: imposex in H. ulvae did not decrease over the last years, in a contrary manner to what has been recorded in the other indicator species. Another methodological aspect in biomonitoring programmes that it is important to mention is the species longevity. This is particularly important when pollution is declining as a consequence of legislative action, since imposex is largely irreversible and its reduction can only be registered when older (and most affected) specimens are substituted by younger ones. However, H. ulvae presents a short longevity (1 to 5 years) 26, 27 and, for Ria de Aveiro, Silva 23 reported longevity of around 2 years, which is very useful for monitoring short-term changes of TBT pollution. The longevity of mud snails is much lower than the reported for Nucella lapillus (5 to >10 years) 28 and than the estimated for Table 2 Hydrobia ulvae. The total number (n) of specimens observed in the present study (2003, 2004 and 2007 surveys) and the corresponding percentage of parasitized specimens (P%) are indicated per year and sampling site (St.) for: males (_), females affected with imposex (\ VDSI $ 1) and unaffected females (\ VDSI ¼ 0)
St. Year Nassarius reticulatus in the Ria de Aveiro (about 11 years), 29 and so this is certainly not the cause for the discrepancy noted in the imposex evolution in the three species.
We believe from the above discussion that the distinct imposex temporal trend found in H. ulvae does not result from any methodological bias but rather indicates that mud snails were exposed to a different TBT pollution scenario than the other bioindicators. In fact, the different responses found between the above gastropod species in Ria de Aveiro may simply reflect different biology/ecology traits involving, for instance, distinct routes of TBT uptake and/or bioaccumulation. H. ulvae probably accumulates TBT preferentially via sediment due to its habitat and diet, as they live on sandy to muddy substrates 30 and feed on diatoms and bacteria together with sediment particles, and also green algae as Ulva and Enteromorpha (Nicol, 1935 in Fretter and Graham;
31 Newell, 1962 in Barnes; 32 Jensen and Siegismund 33 ). It is known that H. ulvae processes large amounts of sediment during the feeding period: to obtain food, specimens ingest and graze contaminated particles that are then maintained in the gut during the low tide till defecation when the sediment gets re-wetted. 34, 35 This way, TBT uptake from the sediment and its bioaccumulation is predicted to be higher in mud snails. On the contrary, N. lapillus accumulates TBT preferentially via water and food (mainly mussels and barnacles which, by their turn, accumulate TBT from the water column) and so the levels of imposex in the dog-whelk predominantly indicates the level of pollution in the water. 15, 36, 37 Similarly to H. ulvae, N. reticulatus is a sediment-dweller, adults feed on carrion and do not ingest substrate particles. This nassarid is a scavenger 38 in which food was described as contributing more than half of the TBT body burden, 36 minimizing the effect of the direct uptake by the contact with its internal/external body surface.
The distribution of N. lapillus, N. reticulatus and H. ulvae in Ria de Aveiro has to be also considered as different areas may have distinct TBT decontamination histories. The muricid and the nassarid occur in the lower estuarine zone, 3 where the main port terminals are located (Fig. 1) but the area is frequently dredged and has faster currents, promoting region cleaning. 39, 40 H. ulvae extends farthest towards the upper reaches of the channels, 3 shallow zones where some marinas are located and where muddy sediment retention/deposition and freshwater influence are higher. 40 Thus, knowing that: (i) finer estuarine mud has higher affinity for TBT, 41 (ii) TBT adsorption to the sediment is greatest in freshwater and decreases at low to intermediate salinities; and (iii) TBT desorption from the sediment is promoted by the reduction of its input in water, 42 it is possible that sediment decontamination is slower in the upper reaches of the estuary. It is well-known that TBT persists adsorbed to anoxic sediment with a half-life of years, [42] [43] [44] while its decay in water is much faster with half-lives of days to weeks. 45 Hence, the persistence of imposex in mud snails over the last years may indicate that sediment continued to bear high levels of TBT which stills a problem in this compartment, in contrast with a rapid amelioration of the problem in water.
The European Union anticipated the adoption of the IMO AFS Convention and so it can serve as a test to evaluate the effectiveness of the legislation in reducing TBT pollution at a global scale. We can foresee that the response of the different prosobranch species around the world may diverge according to the compartment that is being monitored (sediment vs. water), and by no way we can assure that female prosobranch masculinisation will be completely eradicated in the near future as it is well known that TBT may persist in the sediment for many years.
